ABSTRACT: Aerosol particles produced from bubble bursting of natural seawater contain both sea salts and organic components. Depending on the temperature, pressure, and speed of drying, the salt components can form hydrates that bind water, slowing evaporation of the water, particularly if large particles or thick layers of salts undergo drying that is nonuniform and incomplete. The water bound in these salt hydrates interferes with measuring organic hydroxyl and amine functional groups by Fourier transform infrared (FTIR) spectroscopy because it absorbs at the same infrared wavelengths. Here, a method for separating the hydrate water in sea salt hydrates using freezing and then heating in warm, dry air (70°C) is evaluated and compared to other methods, including spectral subtraction. Laboratory-generated sea salt analogs show an efficient removal of 89% of the hydrate water absorption peak height by 24 h of heating at atmospheric pressure. The heating method was also applied to bubbled submicrometer (Sea Sweep), generated bulk (Bubbler), and atomized seawater samples, with efficient removal of 5, 22, and 39 μg of hydrate water from samples of initial masses of 11, 30, 58 μg, respectively. The strong spectral similarity between the difference of the initial and dehydrated spectra and the laboratory-generated sea salt hydrate spectrum provided verification of the removal of hydrate water. In contrast, samples of submicrometer atmospheric particles from marine air masses did not have detectable signatures of sea salt hydrate absorbance, likely because their smaller particles and lower filter loadings provided higher surface area to volume ratios and allowed faster and more complete drying.
■ INTRODUCTION
Seawater and freshly emitted sea spray particles are 97% water, by mass, but they also contain trace amounts of important organic components. A macroscopic sample of seawater dried to 0% RH can leave up to 15% of the mass of dry sea salt as bound water molecules in hydrates, 1 depending on the morphology of the salt mixture and the method of drying. The rationale for this study was to develop a method for characterizing the organic components of particles produced by seawater bubble bursting (and by other sources such as dust that retain substantial amounts of water bound as hydrates). FTIR spectroscopy has been shown effective for measuring the organic components of salt and dust-containing refractory particles, but the presence of hydrate water interferes with the measurement of organic hydroxyl groups.
Evaporated seawater can include halite (NaCl), kieserite (MgSO 4 ·1H 2 O), carnallite (KMgCl 3 ·6H 2 O), anhydrite (CaSO 4 ), and bischofite (MgCl 2 ·6H 2 O). 2 The most abundant salt formed from standard seawater evaporation is NaCl (∼90%) followed by MgCl 2 and MgSO 4 (∼3−4% each) and KMgCl 3 and CaSO 4 (∼2% each). 2 Previous studies have shown absorbance in the infrared (IR) region of hydrate bound and liquid water in salt water mixtures using Fourier transform infrared (FTIR) spectroscopy at differing RH values. 3−6 Cziczo and Abbatt 7 observed that a low flow, directly into the sample chamber, of MgCl 2 aerosol (log-normal distribution with a mean radius of 0.18 μm and a standard deviation of 1.8 μm) at 1% RH had distinct IR spectral absorbance signatures of MgCl 2 hydrates, including sharp peaks at about 3390 and 3210 cm . The low RH spectra did not change with increases or decreases in temperature, indicating that MgCl 2 hydrates have similar absorption spectra or only hexahydrate was formed. 7 The aerosol passed through a diffusion drier (with a residence time of 2 min to obtain 1% RH) that likely did not allow sufficient time to reach a stable equilibrium if the hydrate water was prevented from diffusing out.
FTIR spectroscopy has been used to identify the composition of ambient submicrometer marine particles collected and dried in thin layers on Teflon filters. 8−11 This technique has not been used previously to quantify the organic composition of samples of artificially generated submicrometer and supermicrometer sea spray particles formed from model ocean systems that may be deposited in thicker layers on filters. Because the evaporation of hydrate water at 0% RH can be slowed if diffusion is limited, these larger, thicker samples retain substantially higher quantities of hydrate water as they dry, which are more difficult to remove and may be part of salt hydrates that have formed into gels. 12 Multiple techniques for extracting hydrate water from seawater-derived sea salt hydrates, while retaining the organic components, have been proposed including the following: (i) freezing which causes the hydrate water to break apart from the salt hydrate to form solid water; 13 (ii) heating which causes the hydrate water to evaporate directly 14 but may alter the chemical composition of reactive or volatile organic components; (iii) vacuum drying after freezing which reduces the pressure then allows the frozen water to sublime without directly heating the sample; 15 and (iv) desiccating which pushes the equilibrium of the hydrate water and RH of the air toward water evaporation. 16 Here we evaluate several approaches for removing hydrate water from seawater-derived samples while retaining intact the organic components for chemical characterization. The amount of hydrate water removed by each technique was measured for four types of seawater derived samples: standards of seawater components, generated submicrometer marine aerosol, generated bulk marine aerosol, and atomized seawater. IR spectroscopy was used here to assess the extent to which hydrate water mass was removed by each process. Spectral subtraction was also investigated to determine if it is a sufficient technique to isolate the hydrate water absorbance from the organic absorbance.
■ METHODS
Particle Generation and Collection. The five types of seawater-related samples studied here are standards of seawater components, generated submicrometer marine aerosol, generated bulk marine aerosol, atomized seawater, and ambient marine aerosol particles (Table 1) . For all of the following sampling conditions, particles were collected by drawing air through 37-mm Teflon filters. Samples collected in the field were frozen and transported to San Diego for analysis. Prior to analysis, each sample was equilibrated in a temperature-(20 °C) and humidity-controlled (<55%) cleanroom for 24 h. The FTIR spectrum of each sample was collected by transmission through the 1-cm diameter portion of the filter that was exposed during sampling, before and after collection of particles, using a Tensor 27 spectrometer with DTGS detector (Bruker Optics Inc., Billerica, MA; OPUS software). Quantification procedures are described in the Supporting Information (SI). After initial analysis, the filters were returned to the freezer before further dehydration. After all dehydration steps were completed, X-ray fluorescence (XRF; Chester LabNet, Tigard, OR) was used to quantify the masses of elements Na, Mg, S, Cl, K, Ca, V, Fe, Br, and Sr. 17 Ambient submicrometer particles were also collected on additional filters using two-stage multijet cascade impactors 18 and analyzed with ion chromatography (IC) to quantify inorganic ions, including Na and Cl. 19, 20 1. Laboratory-Generated Reference Standards of Seawater Components. Filter samples of seawater components were prepared by collecting atomized aqueous solutions of sea salt (Sigma Aldrich, S9883; 55% Cl, 31% Na, 8% SO 4 2− , 4% Mg, 1% K, 1% Ca, <1% other), MgCl 2 hexahydrate (Macron Chemicals, 5958), NaCl (EMD Chemicals, SX0425), and glucose (Sigma Aldrich, G5250). Mixtures of standards of glucose and sea salt, glucose and MgCl 2 , and glucose and NaCl were created by first depositing glucose on the filters, scanning using FTIR spectroscopy, and then depositing the salt over the glucose (see discussion in SI). Standards of sea salt were used to calculate the absorptivity of sea salt hydrate water (as described in SI).
2. Sea Sweep Sea Spray Particles (Submicrometer). The Sea Sweep consisted of stainless steel frits attached to a small raft that was deployed alongside of the R/V Atlantis. 20 Zero air was bubbled through the surface seawater, and the generated aerosol was separated by a cyclone so that submicrometer particles could be collected on filters. After the initial FTIR scan, the filters were stored frozen for 8.3 months and reanalyzed before heating to 30, 40, 50, and 70°C for 20 min and reanalyzing after each 20 min heating period. The filters were frozen for an additional 5.4 months and then placed in a desiccator containing silica gel for 4.0 days, rescanned, and returned to the desiccator box for 7.0 more days. After scanning, the filters were placed in a dehydrator (Nesco/ American Harvest FD-80) at 70°C in the cleanroom and rescanned after 1.8 and 14.9 total days.
3. Bubbler Sea Spray Particles (Submicrometer and Supermicrometer). The Bubbler consisted of a large glass cylinder filled with seawater, and bubbles were produced by flowing zero air through two sets of ceramic frits (fine and coarse) or by dropping jets of seawater on to the model seawater surface. 21 The continuously regenerated seawater surface contained ambient seawater constantly pumped by the R/V Atlantis. The bubbles burst at the seawater surface, which lofted the resulting aerosol into a continuous air stream. Submicrometer and supermicrometer particles were collected on filters without drying. After the initial FTIR scan, the filters were stored frozen for 13.8 months and then rescanned. They were then placed in a desiccator for and rescanned after 2.0, 6.0, and 13.0 total days. Then, the filters were placed in a dehydrator at 70°C in the cleanroom and rescanned after 2.7, 6.7, 22.4, and 28.0 total days.
4. Atomized Seawater. Ambient seawater was collected during the CalNex 2010 cruise and frozen. The seawater was thawed and atomized to produce a broad mode of submicrometer particles, dried by passing through a drier containing drierite (average residence times of 2−7 s), and deposited on Teflon filters. After the initial FTIR scan, the filters were frozen for 15.9 months and then rescanned. They were then placed in a desiccator for 15 days and rescanned. After, the filters were placed in a dehydrator at 70°C in the cleanroom and rescanned after 1.8, 5.7, 14.4, 27.4, and 42.7 total days. 5. Submicrometer Atmospheric Marine Particles. Atmospheric aerosol particles were collected off the coast of California on board the R/V Atlantis at 18 m above sea level through a heated mast that controlled the RH of the air masses to 60% during CalNex 2010. Particles were collected on filters for 5− 10 h durations. Hybrid single particle Lagrangian integrated trajectory (HYSPLIT) 3-day isentropic backtrajectories (arriving at 500 m) were used to identify air masses of marine origin. 22 ■ RESULTS AND DISCUSSION Reference Standards and Hydrate Spectral Signatures. The initial spectra of the reference standards of dried NaCl particles had negligible IR absorption (Figure 1a) , as expected. 3, 23 The laboratory-generated standards of both sea salt and MgCl 2 contained double peaks in the hydroxyl absorption region at 3380 and 3235 cm −1 and 3340 and 3235 cm −1 , respectively. The sea salt hydrate water double peak signature is sharper and more defined than that of MgCl 2 but both contain a local minimum at 3260 cm −1 and an additional peak at 1640 cm −1 ( Figure 1a ). . Liquid water and water vapor were ruled out both by the peak positions as well as the analysis at 0% RH in a N 2 purge in the FTIR spectrometer sample chamber. This implies that the absorption for the sea salt and MgCl 2 standards is due to bound water in hydrates, which do not form with NaCl.
The spectra of NaCl deposited on glucose showed no discernible change in spectral shape or additional absorption from the original glucose spectra (Figure 1a ). The standards with sea salt or MgCl 2 and glucose showed an increase in absorption from the original glucose sample at 3700−3100 cm −1 and 1640 cm −1 (Figure 1a ). The spectra of the glucose and MgCl 2 and the glucose and sea salt were very similar to those of pure MgCl 2 and pure sea salt, respectively. Spectra of MgCl 2 standards had little remaining IR absorption after 24 h in the dehydrator, and the maximum peak height of the spectra decreased by 89%. After freezing and heating, standards of glucose and sea salt mixtures had resulting spectra similar to the original deposited glucose spectra (cosine similarity of 0.93; defined in SI), with maximum peak heights within 13% of the initial glucose peak heights.
Dehydration of Seawater-Derived Samples. The initial spectra of the generated marine aerosol and atomized seawater samples had absorbance at 3700−3100 cm −1 and 1640 cm −1 , similar to the bound water in MgCl 2 and sea salt hydrates (Figure 1b) . The different generation methods (Sea Sweep, Bubbler, and atomized seawater) resulted in differences in the IR spectra, but all of the spectra showed the double peak at 3380 and 3235 cm −1 and a minimum at 3260 cm −1 . Multiple drying techniques were used to remove the hydrate water from the sea salt hydrates while preserving the organic fraction for samples of the generated marine aerosol, atomized seawater, and reference standards, as summarized in Table 2 . For the Sea Sweep, Bubbler, and atomized seawater samples, the first method employed for removing hydrate water was freezing, whereby the saturation vapor pressure was lowered to enhance evaporation rates of remaining hydrate water. Freezing for multiple months removed an average of 1.2, 6.2, and 14.0 μg of hydrate water (26%, 28%, 36%) for the Sea Sweep, Bubbler, and atomized seawater samples, respectively. The difference between the initial spectra and the spectra after freezing were compared to the spectrum of sea salt hydrate using cosine similarities to give 0.92, 0.93, and 0.64, respectively ( Table 2) , showing that in the first two cases the absorbance that was removed was nearly identical to sea salt hydrate. However, the IR spectra after freezing still had sharp peaks at 3380 and 3225 cm −1 and 1640 cm −1 , similar to the sea salt hydrates, suggesting that some hydrate water remained.
The samples were then heated in a dehydrator at 70°C for varying lengths of time, and 4.7, 21.8, and 38.8 μg of hydrate water mass was removed from the Sea Sweep, Bubbler, and atomized seawater samples, respectively, including the mass removed by freezing and desiccating ( Table 2 ). The spectra after full dehydration (Figure 1d) showed a large reduction in the absorption at 3700−3100 cm −1 and 1640 cm −1 . The remaining spectra lack the signatures of the sea salt hydrates and are more similar to previous measurements of atmospheric particles from marine regions, identified as carbohydrates, rather than sea salt hydrates. 10 The difference of the IR spectra from before and after complete dehydration look very similar to the sea salt hydrate spectrum (Figure 1c ) for all three types of samples, with average cosine similarities of 0.98, 0.97, and 0.91 (Table 2 ), indicating that the only component removed was hydrate water.
Since the Sea Sweep, Bubbler, and atomized seawater samples had different masses of sea salt and hence hydrate water, the drying process was carried out in a series of steps of different duration to identify the minimum time needed to remove the hydrate water (as listed in Table 2 ). For the Sea Sweep, the largest average removal of hydrate water (1.2 μg; 26%) was during the initial storage time in the freezer. The largest average removal of hydrate water from the Bubbler samples was 7.2 μg (in addition to the previous mass removed) after the first 2.7 days of drying in the dehydrator. The largest average removal of hydrate water from the atomized seawater samples was 18.2 μg, which occurred during the second drying step in the dehydrator of 3.9 days (5.7 days total). While dehydrating with mild heating is required to expedite removal of the hydrate water, substantial water was also removed during frozen storage (Figure 2 ). For Sea Sweep samples, an average of 85% of the hydrate water had been removed after 1.8 days in the dehydrator. The Bubbler and atomized seawater samples, which had more deposited mass, required additional time in the dehydrator to fully remove the hydrate water (Table 2) .
In the end, 14.9, 28.0, and 42.7 days in the dehydrator were required to fully dehydrate the Sea Sweep, Bubbler, and atomized seawater samples, respectively. Multiple factors may have influenced the difference in the dehydration time required for the different sampling techniques: (i) Because the Sea Sweep particles were dried to 60% RH and the atomized seawater particles were passed through a drier before sampling, some of the liquid water was removed from these samples before the particles dried and the sea salt crystallized. This reduced the liquid water available to bind as hydrate water, compared to that of the Bubbler particles that were not dried prior to collection. Also, Woods et al. 24 found that aerosol particles with mixtures of NaCl and MgSO 4 formed a NaCl core upon drying, with uneven MgSO 4 coatings. This allows the available chloride to be used in the NaCl crystallization and reduces the Cl available to bond with magnesium to form MgCl 2 and bind water as hydrates. (ii) The Bubbler particles dried on the filters rather than in the aerosol phase, which could potentially trap pockets of hydrate water or induce a different drying pattern in which NaCl does not first form as a core, leaving more chloride available for MgCl 2 formation. (iii) Keene et al. 21 showed that the ratio of organic carbon to sodium in bulk generated marine aerosol particles is lower than in submicrometer generated marine particles. With a higher percentage of sea salt, there should be a larger fraction of sea salt hydrates in the Bubbler (bulk) than the Sea Sweep (submicrometer) marine aerosol. (iv) On average, the Sea Sweep samples contained less initial average absorption area at 3700−3100 cm −1 (5.6) due to less deposited mass on the filters than the Bubbler (19.2) and atomized seawater (37.9) samples. With more mass deposited on the filters, more water could be bound as hydrates or trapped in pockets. All of these factors contributed to a lower amount of hydrate water in the initial Sea Sweep spectra and reduced the necessary time for dehydration, compared to the Bubbler and atomized seawater samples.
In addition to the absorption at 3380, 3235, and 1640 cm −1 , some of the initial spectra of the Bubbler and atomized seawater samples have absorbance at 3500 cm −1 (Figure 1b ). This peak was observed in samples with high deposited mass (initial 3700−3200 cm −1 absorption peak area >19), which could indicate that liquid water was trapped in pockets or between layers of aerosol mass. Of the Bubbler samples, only one of the two jet configuration samples, which had the highest peak areas, had the additional spectral peak. Cziczo and Abbatt 7 observed an absorption peak at 3450 cm −1 for generated aerosol, which was attributed to OH stretch of liquid water. They also suggest that liquid water may be trapped within the aerosol particles and not yet formed as hydrate. 7 Weis and Ewing 3 observed a liquid water absorption band at 3400 cm
for porous NaCl particles. This was compared to liquid water absorbed onto the faces of single NaCl crystals, which was found to absorb around 3525 cm −1 at RH < 40% and 30°C. 25 The final dehydrated spectra lack the third peak absorbance at 3500 cm −1 (Figure 1d) showing that the trapped, liquid water was removed.
Spectra from all of the sampling conditions show little change between the post-freezer spectra and the post-desiccator spectra, and there is little hydrate water mass removed by the desiccator (Figure 2 ). This suggests that desiccation alone is not sufficient for removing hydrate water. The samples were kept in a desiccator between the steps of the drying procedure to prevent water from condensing on the samples.
Freeze-drying was tested as another dehydration technique, but it did not dehydrate the standards. To test this, the sea salt hydrate standards were frozen and then placed under vacuum. The initial freezing procedure step removed some hydrate water mass, as discussed earlier, but the spectra of the standards after being under vacuum for both 22 h and 5 days showed little decrease in absorbance from the initial scan. The spectra also still displayed the signatures of bound water in sea salt hydrates, so the vacuum technique was not used to dehydrate the Sea Sweep, Bubbler, or atomized seawater samples.
Hydrate Water Removal using Spectral Subtraction. In some circumstances, it may not be possible to physically dehydrate sampleseither because they are no longer available or because the water needs to be preserved. For this reason, four different methods were used to estimate the mass of hydrate water in a seawater-derived sample by subtracting hydrate water-related absorption from the measured spectrum. Each method uses a different approach to approximate the amount of hydrate water and the scaling for the spectrum to subtract.
In the first method, the measured sea salt hydrate spectrum was scaled to the maximum absorbance possible without exceeding the measured spectrum; the resulting scaled hydrate spectrum was subtracted from each of the initial sample spectra, as given by eq 1:
where S dehy1 is the final spectra with hydrate water removed, S 0 is the initial spectrum, S ss is the sea salt hydrate spectrum, and x1 and x2 are the wavenumber bounds of the region of interest (described in the SI). This method was applied to the Sea Sweep, Bubbler, and atomized seawater samples, and the resulting dehydrated spectra are shown in Figure S2b . The scaling of the sea salt spectrum was used to calculate the hydrate water mass removed (SI). With this method, an average of 6.2, 18.3, and 21.7 μg of hydrate water were removed for the Sea Sweep, Bubbler, and atomized seawater samples, respectively ( Table 2) . Equation 1 gives an upper bound of the hydrate water in the sample by assuming that all of the absorption at 3700−3100 cm −1 that fits the hydrate water spectral shape could be due to hydrate water. Because primary marine aerosol particles have been found to contain significant fractions of hydroxyl functional groups, 10 this assumption provides an upper bound on, and likely an overestimate of, the hydrate water mass.
The spectra resulting from eq 1 compare well in peak height and shape with the dehydrated spectra from freezing and heating for the Sea Sweep and frit configuration Bubbler samples ( Figure S2b; Figure 1d ), although there is less remaining absorbance area, as is consistent with eq 1 as an upper bound. The spectra resulting from eq 1 for the atomized seawater and jet configuration Bubbler samples do not compare as well with the spectra from the dehydration because the peak at 3500 cm −1 was removed by dehydration but not by eq 1. This spectral subtraction does not remove the peak at 3500 cm −1 because that peak is associated with trapped liquid water rather than hydrate water. The second type of estimate used eqs 2, 3, and 4 to calculate the dehydrated spectra for each sample by subtracting a scaled sea salt hydrate spectrum based on the XRF or IC-measured elemental masses. In eq 2, the measured mass of Na (M Na , μg) for each sample was used to calculate the dehydrated spectra:
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Na hw Na w SS (2) where r is the ratio of μmol OH per μmol of water (2 OH per H 2 O), F hw is the observed mass fraction of hydrate water in dried seawater (0.15), 1 Abs is the sea salt hydrate absorptivity (SI), F Na is the mass fraction of Na in sea salt (0.31), m w is the molecular weight of water (18 μg μmol −1 ), and P SS is the total peak area of the standard sea salt hydrate spectra. In eq 3, the ratio of Mg to Na (r Na , 0.088) in seawater and M Na were used to calculate the dehydrated spectra for each sample:
where r Mg is the molar ratio of Mg to hydrate water in sea salt hydrates (1:6) and m Mg is the molecular weight of Mg (24.3 μg μmol
−1
). In eq 4 the mass of Mg (M Mg , μg) for each sample was used to calculate the dehydrated spectra:
The resulting averages for the hydrate water removed with eqs 2, 3, and 4 are 5.7, 3.8, and 6.8 μg from the Sea Sweep samples and 12.3, 10.0, and 23.4 μg of hydrate water from the Bubbler samples (Table 2 and Figure 2 ). The dehydrated spectra from the different spectral subtraction equations compare well to each other in shape and magnitude ( Figure  S2 ). The atomized seawater samples were not analyzed by XRF or IC, so hydrate water was not calculated with eqs 2, 3, or 4. The quantification of the organic components remaining is discussed in SI.
Comparison to Atmospheric Particles from SeawaterDerived Spray. The submicrometer atmospheric aerosol particles collected during the CalNex cruise, in airmasses of marine origin, had FTIR spectra that lacked the signatures of sea salt hydrate absorption (Figure 3) , even without the dehydration procedures described here. The characteristic double peak at 3380 and 3235 cm −1 and the local minimum at 3260 cm −1 are absent. Using eq 2 to calculate an upper bound on the amount of hydrate water present, hydrate water could contribute at most less than 5% of the organic mass.
There are two likely explanations for the absence of hydrate water in the submicrometer atmospheric aerosol particles collected. First, they were sampled through an RH-controlled (heated) inlet that dried particles to approximately 60% RH before collection on the filter, which is in contrast to the reference, Bubbler, and atomized seawater samples that were not heated. This meant that there was less liquid water present when the salts dried. Second, the lower atmospheric concentrations of salt particles relative to the generated samples meant the mass of salt collected on filters was lower (ambient Na: 0.07 μg m ), even though sampling times were longer. Hence the collected samples were thinner and collected more slowly, providing for uniform and complete drying of the sample. For the Sea Sweep, Bubbler, atomized seawater, and reference samples, rapid collection of a larger mass of salt may have inhibited drying by crystallization of salt layers on top of layers of undried water pockets. 7 A third possibility, if the particles were more aged, is that as ambient marine aerosol ages and reacts with sulfuric and nitric acids in the atmosphere, it becomes depleted in chlorine and enriched in sulfur. 26 The average ratio of Na to Cl in the CalNex ambient marine samples is 2.01, which is greater than the ratio in seawater (0.56) showing Cl depletion. Since Cl is needed to form MgCl 2 and KMgCl 3 , less water is bound in Cl-containing hydrates.
In summary, low heating at atmospheric pressure enabled dehydration of metastable hydrate water from sea salts. Initial FTIR spectra of Sea Sweep, Bubbler, and atomized seawater samples showed absorbance signatures characteristic of sea salt hydrates, which were removed by dehydration that included freezing and heating the samples. The dehydrated spectra resemble atmospheric particles from clean marine regions and have spectral shapes consistent with previously identified marine organic components. High cosine similarity values between the difference of the spectra before and after dehydration with the spectra of sea salt hydrates confirmed that the mass removed during dehydration was hydrate water and not volatile organic species. While not recommended for quantifying hydrate water or for recovering the nonwater organic hydroxyl spectrum, spectral subtraction of scaled reference spectra of sea salt hydrate provides a useful indicator of the presence and potential contribution of hydrate water. Since minor artifacts from contamination were caused by the dehydrator, we recommend that future seawater-derived aerosol sampling include drying particles by heating and desiccation before collection on filters to reduce the need for dehydration after sampling. Another prudent sampling technique is limiting the mass of salt-containing particles that are deposited on the filters so that the thickness of the salt layer does not slow mass transfer by trapping bound water in hydrate pockets.
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